Evolution of sheet resistance of thin Ni film deposited on porous anodic alumina substrate Appl. Phys. Lett. 99, 263103 (2011) The role of vicinal silicon surfaces in the formation of epitaxial twins during the growth of III-V thin films J. Appl. Phys. 110, 124316 (2011) The observation of unoccupied quantum-well states in Bi thin film grown on Si(111) by two-photon photoemission spectroscopy Appl. Phys. Lett. 99, 243101 (2011) On the theoretical description of nucleation in confined space AIP Advances 1, 042160 (2011) Additional information on J. Appl. Phys. As pseudosubstrates was demonstrated. These pseudosubstrates were formed using lateral oxidation of an underlying Al 0.98 Ga 0.02 As layer to improve the material quality of a relaxed In 0.25 Ga 0.75 As seeding layer. Using transmission electron microscopy, dislocation densities in the regrown layers were measured and found to be equal to that of the underlying pseudosubstrates (р10 6 cm Ϫ2 ). Doping characterization of these regrown films, using Hall-effect measurements, was also performed for both Si-doped and Be-doped materials. The doped In 0.25 Ga 0.75 As films showed normal carrier concentration trends as compared to doped GaAs films and In 0.53 Ga 0.47 As films grown on InP substrates. The doped In 0.25 Al 0.75 As films, however, showed lower-carrier concentrations than expected. In addition, room-temperature photoluminescence ͑PL͒ measurements of thick ͑ϳ1 m͒ In 0.25 Ga 0.75 As layers show emission near 1.1 m indicating the high quality of the regrown material. Strained In 0.40 Ga 0.60 As quantum wells ͑QWs͒ were also grown in an In 0.25 Ga 0.75 As matrix. PL measurements taken at a temperature of 77 K show emission from the strained QWs at a wavelength near 1.23 m.
I. INTRODUCTION
Growth of lattice-mismatched materials has conventionally been limited to thin layers used in strained quantum wells or pseudomorphic channels in transport devices. Recently, much progress has been made in the growth of thicker, mismatched layers using methods such as the metamorphic buffer technique. This technique has allowed for the realization of devices including metamorphic high-electron mobility transistors, metamorphic heterojunction bipolar transistors and p-i-n photodetectors grown using the In x Ga 1Ϫx As/GaAs material system. 1, 2 However, light-emitting devices have yet to be demonstrated using the metamorphic technique. Important optical devices, such as 1.3 m light emitters on GaAs, could be fabricated using regrowth on strain-relaxed seeding layers in the In x Ga 1Ϫx As/GaAs material system. In this study, a pseudosubstrate is formed using lateral oxidation of an underlying Al 0.98 Ga 0.02 As layer to improve the material quality of a relaxed In 0.25 Ga 0.75 As seeding layer. The lateral oxidation process causes a volume shrinkage as the semiconductor material is converted to its native oxide. This volume shrinkage causes a stress within the material which aids in threading dislocation movement. Improved material quality results as the dislocations are eliminated from the material due to their enhanced motion. In addition, the choice of Al 0.98 Ga 0.02 As materials, which are later oxidized, also plays an important role in the success of the experiment. This process employs a digital Al 0.98 Ga 0.02 As layer composed of alternating layers of AlAs and GaAs chosen to result in an aluminum composition of 98%. The oxidized digital alloys result in mechanically stronger pseudosubstrates enabling improved crystallinity and larger useable areas for device fabrication.
Through control of the growth parameters and the lateral oxidation process, these pseudosubstrates have been fabricated with threading dislocation ͑TD͒ densities of less than 10 6 cm Ϫ2 . 3 Using these pseudosubstrates, regrowth of both In 0.25 Ga 0.75 As and In 0.25 Al 0.75 As ͑у 1 m layers͒ has been demonstrated with good material quality. Photoluminescence ͑PL͒ measurements, Hall-effect measurements, x-ray diffraction measurements, Nomarski optical microscopy, and crosssectional transmission electron microscopy ͑TEM͒ were used to evaluate the quality of the regrown materials. Also, in an effort to realize 1.3 m emission from these materials, strained In 0.40 Ga 0.60 As quantum wells were grown in an In 0.25 Ga 0.75 As matrix and evaluated using both TEM and PL measurements.
II. EXPERIMENT
Both the pseudosubstrates and the regrown films were deposited in a solid-source molecular-beam epitaxy system equipped with a valved As cracker. The pseudosubstrates consisted of a GaAs buffer, grown on a semi-insulating, 2 in. GaAs wafer, followed by a ϳ1000 Å Al 0.98 Ga 0.02 As oxidation channel and a 2000 Å In 0.25 Ga 0.75 As seeding layer, the growth details of which are reported elsewhere. 4 After the initial growth, the sample was separated into quarter wafer pieces for further processing. Lateral oxidation was performed in a horizontal tube furnace at a temperature of 450°C. Water vapor was carried to the sample using a nitrogen carrier gas, at a rate of 100 sccm, bubbled through a water reservoir kept at a temperature of 85°C. After oxidation of the Al-bearing layers in the pseudosubstrate, the surfaces of the samples were cleaned, and the surface oxide removed using a dilute hydrochloric acid, deionized water mixture. Then, the pseudosubstrates were introduced to the growth chamber for regrowths. Several different materials were regrown on these pseudosubstrates. First, a 10-pair, 50 Å In 0.25 Ga 0.75 As/ In 0.25 Al 0.75 As superlattice was grown to smooth the surface. Then, thick ͑ϳ1 m͒ lattice-matched In 0.25 Ga 0.75 As layers were deposited at a growth rate of ϳ1 monolayer per second, using substrate temperatures ranging from 500 to 550°C, and an arsenic overpressure of 3ϫ10 Ϫ6 torr ͑measured using a nude ion gauge located above the substrate position͒. Also, 1 m In 0.25 Al 0.75 As films were deposited on the pseudosubstrates at a temperature of 550°C using similar As overpressures. The dislocation densities of these regrown films were measured using TEM analysis. Also, Nomarski optical microscopy was used to evaluate the surface morphology of the regrown films. Once the proper growth parameters were discovered, the doping characteristics of these films were determined using room-temperature Hall-effect measurements. Both n-type and p-type films were grown using different Si and Be cell temperatures while maintaining all other growth parameters constant. In addition, the In composition of the films was characterized using x-ray diffraction measurements.
To further evaluate the quality of the material, PL measurements were taken at temperatures of 300 and 77 K on Si-doped (nϳ5ϫ10 17 cm Ϫ3 ) In 0.25 Ga 0.75 As layers using an Ar ϩ laser operating at a wavelength of 514.5 nm. The collected light was dispersed in a 0.5 m focal length grating spectrometer and detected with a liquid nitrogen-cooled Ge detector, using the lock-in technique. In order to attain longer wavelength emission from the regrown materials, strained In 0.40 Ga 0.60 As quantum wells ͑QWs͒ with thicknesses ranging from 30 to 200 Å, were deposited in an In 0.25 Ga 0.75 As matrix at a temperature of 500°C, using an As overpressure of 4ϫ10 Ϫ6 torr. Using TEM analysis, the critical thickness of the In 0.40 Ga 0.60 As QWs was determined. With the critical thickness of the strained QWs established, a sample was grown with multiple QWs with a thickness of 80 Å. The structure included an In 0.25 Ga 0.75 As/In 0.25 Al 0.75 As superlattice and a lower In 0.25 Ga 0.75 As:Si (nϳ5ϫ10 17 cm Ϫ3 ) buffer. Next, a 500 Å undoped In 0.25 Ga 0.75 As layer was grown followed by five sets of an 80 Å In 0.40 Ga 0.60 As QW with 150 Å In 0.25 Ga 0.75 As barriers. Next, another 500 Å undoped In 0.25 Ga 0.75 As layer was grown, and the structure was capped with a 2000 Å In 0.25 Ga 0.75 As:Be layer (pϳ2ϫ10 18 cm Ϫ3 ). PL measurements were performed to determine the emission wavelength of the strained QWs.
III. RESULTS AND DISCUSSION

A. Investigation of growth parameters
The growth temperature had a dramatic effect on the material quality. The crystal quality is noticeably reduced at low-growth temperatures. As seen in Fig. 1͑a͒ , the sample ͑1 m In 0.25 Ga 0.75 As) grown at a temperature of 500°C contained many threading dislocations ͑TDs͒, Ͼ10 10 cm Ϫ2 . However, at growth temperatures of 525°C, Fig. 1͑b͒ , and 550°C, Fig. 1͑c͒ , the material quality is significantly improved, with TD densities of ϳ10 6 cm Ϫ2 . In the sample grown at the highest temperature, there is also a noticeable misfit segment seen in the TEM micrograph. This is likely due to strain caused by different In compositions between the template layer and the regrown material. Higher-growth temperatures often cause desorption of In atoms, thereby changing the composition of the regrown material. Highresolution, x-ray diffraction measurements were used to determine the In composition of the sample grown at a temperature of 525°C. Figure 1͑d͒ shows the data for both the ͑224͒ as well as the (224) directions. These measurement directions were chosen to efficiently acquire both in-plane and vertical strain data from two sets of diffraction measurements. The combination of these two sets of data shows that the material is fully relaxed and has a substrate-peak to epilayer-peak splitting of 0.831°. This result corresponds to an In composition of 23.4%, which is near the targeted value of 25%. The diffraction data from the regrown material show a broadened peak. Since TEM measurements indicate highquality crystallinity, the broadness is likely due to the highthreading dislocation density present in the 2000 Å In 0.25 Ga 0.75 As seeding layer in the pseudosubstrate. 4 FIG. 1. Cross-sectional TEM micrographs of the regrown In 0.25 Ga 0.75 As films grown at ͑a͒ 500°C, ͑b͒ 525°C, and ͑c͒ 550°C. Note the presence of a large density of threading dislocations present in ͑a͒ due to the low-growth temperature. ͑d͒ shows the ͑224͒ and the (2 2 4) x-ray diffraction data taken for the sample grown at 525°C. The substrate to epilayer splitting indicates an In composition of 23.4%.
The surface morphology of the regrown films was evaluated using Nomarski optical microscopy. Shown in Fig. 2 are the micrographs of the In 0.25 Ga 0.75 As films. The surfaces are slightly roughened, but this is to be expected since the In 0.25 Ga 0.75 As seeding layer is also slightly cross-hatched. In spite of the roughened surface, the crystallinity was good as shown in the TEM micrographs. The smoothest surface morphologies are seen in the samples grown at the lowest temperatures, Figs. 2͑a͒ and 2͑b͒. One possible explanation for the smooth surfaces is the reduced mobility of the atoms due to the lower-growth temperatures. This low-surface mobility, especially with respect to the In atoms, can prevent the preferential migration of In towards other In atoms present in the underlying layer. Higher-growth temperatures, such as those used in Fig. 2͑c͒ will enhance surface migration possibly causing a more rough surface morphology.
In addition, the crystallinity of the regrown In 0.25 Al 0.75 As films was evaluated using TEM. The TD densities in the In 0.25 Al 0.75 As films were similar to those found in the In 0.25 Ga 0.75 As films. Traditionally, high-Al-content films are grown at increased temperatures to improve material quality. As seen with the In 0.25 Ga 0.75 As films grown at higher temperatures, In desorption from the growth surface becomes a problem, limiting the growth temperatures at which these films can be grown. Also, because the films have 75% aluminum composition, the stability of the material, especially during subsequent lateral oxidation processes, is a concern. If future device characteristics suffer, alternative materials such as In 0.25 (Ga x Al 1Ϫx )As and In x Ga 1Ϫx As y P 1Ϫy can be used for higher-energy band-gap materials. 18 cm Ϫ3 . However, the In 0.25 Al 0.75 As doping data deviates from expected trends. The same cell temperature gives a much reduced carrier concentration for the In 0.25 Al 0.75 As material. This result is likely due to the presence of deep-level traps in the Al-containing material. 5 Materials with this much aluminum are usually grown at much higher temperatures to give good material quality. A more thorough exploration of the growth conditions for this material is needed in order to improve the electrical characteristics. Also, the presence of the oxidation trenches within the sample may affect both the material quality and the Hall-effect measurements. Regrown material within the oxidation trenches will have increased TD densities because the films are regrown on GaAs, not the In 0.25 Ga 0.75 As seeding layer. The nonplanar regrowths, due to the presence of the oxidation trenches, may also affect the Hall-effect measurements, causing error. However, these measurements are an acceptable estimation of the doping behavior in these regrown films.
B. Doping characterization
C. Photoluminescence measurements
To further evaluate the crystalline quality of the regrown In 0.25 Ga 0.75 As layers, PL measurements were performed at both room-temperature and liquid nitrogen temperature ͑77 K͒. Figure 4͑b͒ shows the results of the room-temperature PL testing. These results show some of the first roomtemperature PL data collected from structures containing thick ͑non-pseudomorphic͒, lattice mismatched layers using compliant epitaxy growth techniques. As expected, the sample grown at the lowest temperature shows no measurable light emission. However, both samples grown at the higher temperatures show noticeable light emission. The sample grown at 525°C shows a broad emission with a peak wavelength near 1100 nm. The sample grown at 550°C shows a more intense emission with a peak emission wavelength near 1050 nm. The shorter wavelength in the sample grown at a temperature of 550°C is due to the desorption of In atoms during the growth process, as evidenced in the TEM analysis. The presence of room-temperature emission from these films indicates the improved material quality of the films. Further optimization of the regrowth process should only improve these results. PL data taken at a temperature of 77 K show similar trends. Shown in Fig. 4͑a͒ are the emission data for the same three samples. Again, the sample grown at a temperature of 500°C emits no light, while the other two samples show strong light emission. The sample grown at 525°C shows a sharp emission with a peak wavelength longer than 1050 nm, while the sample grown at 550°C shows intense emission with a peak wavelength longer than 1000 nm.
D. Characterization of strained In 0.4 Ga 0.6 As quantum wells
In an effort to estimate the critical thickness of these strained layers, the Matthews-Blakeslee model was utilized. 6 From this model, the critical thickness of an In 0.4 Ga 0. 6 As QW in both a GaAs and an In 0.25 Ga 0.75 As matrix were found to be approximately 60 and 210 Å, respectively. Thus, if the critical thickness of the regrown QWs is found to be thicker than 60 Å, a successful demonstration of this compliant epitaxy growth technique will have been demonstrated. While this model does not take into account variables such as surface roughness and growth temperature, it is a recognized method for estimating critical thickness of strained layers.
To accurately characterize the critical thickness of these strained QWs, two samples were grown, as described above. The first sample had three QWs ͑30, 60, and 100 Å͒ each spaced 500 Å apart. The second sample also had three QWs ͑100, 150, and 200 Å͒. Figure 5͑a͒ is a TEM micrograph of the sample with the thinnest QWs. The three QWs are clearly visible in the micrograph, and no dislocations can be seen originating from the QWs. Therefore, these three thicknesses are below the critical thickness, agreeing with the Matthews-Blakeslee model. 6 The second sample, seen in Fig. 5͑b͒ , is a more magnified view of the three thicker QWs. Notice the presence of TDs originating from both the 200 and the 150 Å QWs, indicating that these thicknesses are in excess of the critical thickness. Again, the 100 Å QW has no dislocations originating from the strained layer. Therefore, the critical thickness for this material combination lies between 100 and 150 Å for this set of growth conditions. These data show a discrepancy from the critical thickness theory, which may be due to several factors. First, the composition of the QWs may not be exactly correct. Thus, any deviation causing more compressive strain would lower the critical thickness. However, the same calibration schemes were used for other layers in the films, and these alloys are closely matched. A more likely explanation concerns the rough surface morphology of the regrown layers. The MatthewsBlakeslee model does not take into account the effects of a rough growth surface. The rough surface morphology may have local areas with higher-In concentrations, which would encounter more strain, and thus limiting the critical thickness, which could possibly cause dislocation formation for the thicker QWs. Figure 6 shows the PL results for the 80 Å multiple ͑QW͒ structure taken at a temperature of 77 K. Note the presence of two large peaks in the spectrum. The peak centered at less than 11 000 Å is due to the In 0.25 Ga 0.75 As layers. The longer wavelength peak, centered at about 12 300 Å is due to the strained QWs. The signal seen at wavelengths longer that 13 000 Å is due to noise from the measurement system. The intensity of the QWs is comparable to the intensity seen from the In 0.25 Ga 0.75 As, indicating that much of the recombination of the electron-hole pairs is taking place in the In 0.25 Ga 0.75 As material and not in the QWs, which is likely due to two factors: ͑1͒ poor material quality of the In 0.25 Ga 0.75 As material and ͑2͒ inefficient capture of electronhole pairs in the QWs. As seen in the TEM micrographs, the regrown material shows good crystallinity, thus the second explanation is more likely. PL measurements taken at 300 K showed no light from the QWs, indicating that further material optimization is needed for device fabrication. However, QW emission at 77 K with a wavelength of 1.23 m indicates that these QWs will emit light near 1.3 m at 300 K.
IV. SUMMARY
In summary, the successful regrowth of both In 0.25 Ga 0.75 As and In 0.25 Al 0.75 As on In 0.25 Ga 0.75 As pseudosubstrates was demonstrated. Material quality was evaluated using several techniques. TEM analysis indicates that no additional dislocations are generated due to the regrowth process in films grown at temperatures in excess of 525°C. Using the proper growth parameters, regrown films with TD densities of less than 10 6 cm Ϫ2 were characterized. The quality of the regrown In 0.25 Ga 0.75 As films was indicated by the presence of room-temperature photoluminescence.
Further material characterization was conducted by evaluating the doping behavior of both In 0.25 Ga 0.75 As and In 0.25 Al 0.75 As doped with both Si and Be. The doping behavior of the In 0.25 Ga 0.75 As films, both p-and n-type, was consistent with that of other semiconductor films. However, the doping behavior of In 0.25 Al 0.75 As showed a reduced carrier concentration as compared to other semiconductors. This unfortunate behavior was attributed to the presence of deeplevel traps in the high-Al-content films due to the lowgrowth temperature.
Finally, strained In 0.40 Ga 0.60 As QWs were grown in an In 0.25 Ga 0.75 As matrix. The critical thickness of the QWs was determined to be between 100 and 150 Å using TEM analysis. Samples grown with multiple In 0.40 Ga 0.60 As ͑80 Å͒ QWs were characterized using PL measurements. The presence of two peaks in the 77 K PL spectra indicate emission from both the In 0.40 Ga 0.60 As QWs (ϳ1.23 m) as well as the In 0.25 Ga 0.75 As matrix. With further optimization, these materials may be used in room-temperature 1.3 m light-emitting devices. In addition, this process can be used in other material systems, such as the In x Ga 1Ϫx As y Sb 1Ϫy , to create pseudosubstrates with lattice constants not currently available with conventional substrates. 
